Abstract-An ultra-wideband (UWB) antenna with triple bandnotched characteristics is presented in this paper. The triple-notched bands (5. GHz for WLAN, 7.9-8.395 GHz for X-band) are achieved by using only one novel composite resonator with multiple resonant characteristics. The resonator is placed on the back surface of the substrate and connected to the radiation patch through one via-hole. An equivalent circuit model is built for analyzing the band-notched characteristics. Moreover, the notched bands can be adjusted independently, and the resonator structure is very compact.
INTRODUCTION
In recent years, many kinds of narrowband resonators have been embedded in UWB antennas for the notched bands, because there are several other existing narrowband services which occupy frequency bands within the designated UWB bandwidth, and the problem of electromagnetic interference has drawn heavy attention from researchers.
The most popular resonator designs for notched band within UWB are embedding slots on the patch or ground plane [1] [2] [3] . Usually, in this way the structure is simple, but loss is great. So it is difficult to achieve narrow notched band. Another way is adding parasitic elements by two approaches. One is adding parasitic elements close to the feed line [4] [5] [6] . One parasitic element can introduce one notched band, even narrow notched band [4, 6] , with the advantage of tuning independently, which makes the design easier. However, more resonators are needed for more notched bands. As a result, the antenna is not very compact, or the space is not enough. The other approach is adding parasitic elements on the back of the patch. For instance, in [7] an open loop resonator is located on the back of the substrate for single notched band design. In order to generate more notched bands, a pair of nested C-shaped stubs [8] or three crescent-shaped resonators [9] are inserted on the back surface of the substrate and short-circuited to the radiation patch using via holes. Further, using more compact resonators for band-notched antenna is also worth studying.
In this paper, the dual band-notched UWB antenna for the closely adjacent frequencies associated with the lower and higher WLAN bands (5.15-5.35 and 5.725-5.825 GHz) is designed. Only one composite resonator composed of folded E-shaped stub and Tshaped stub is connected to the patch from the back for two notched bands. Furthermore, a novel composite resonator composed of one folded E-shaped stub and three T-shaped stubs is designed for triple band-notched UWB antenna. Consequently, the rejected band can be tuned independently, and the structure is very compact. Good agreements are observed between the measured and simulated results, which demonstrate that the method is effective.
ANTENNA DESIGN AND ANALYSIS
In order to illustrate the effectiveness of the method, in this paper, a circular monopole antenna is used for band-notched antenna design as shown in Fig. 1 . The structure is printed on a 0.813-mm-thick RO4003C substrate with the relative permittivity of ε r = 3.38. The simulations are carried out by CST Microwave Studio in this study. Figure 2 shows the geometry of a single band-notched UWB antenna (the back structure is shaded gray, while the positive structure is not filled with color). The red circle is via-hole. As shown in Fig. 2 , a folded E type stub is connected to radiator directly through via-hole (the radius is R 0 ), and it can be considered as two λ g /4 type resonators (λ g is the guided wavelength at the rejected band) shunt-connected to the antenna. The physical length can be designed as follow:
Band-notched Characteristic Analysis
(1) At the notch frequency, the surface currents concentrated around the resonator have opposite directions between the resonator and radiation patch so that the resultant radiation fields cancel out. Finally, a single band-notched antenna can be achieved. Figure 3 . Geometry and equivalent circuit of the proposed single band-notched UWB antenna.
To explain the principle of band-notched characteristics, the conceptual equivalent circuit mode can be built as in Fig. 3 . The shunt-connected λ g /4 open-circuited stubs can be modeled as shuntconnected series LC resonance circuits, and the antenna resistance is R a , so that the antenna has band-stop filter characteristics. Based on above analysis, more notched bands may be achieved at desired frequencies by adding more λ g /4 open-circuited stubs.
Dual Band-notched UWB Antenna
As shown in Fig. 4 , putting the folded E-shaped resonator and Tshaped resonator together makes a new resonator with dual resonant characteristics.
The first rejected band f notch1 (5.15-5.35 GHz) corresponding to the T-shaped resonator and the second rejected band f notch2 (5.725-5.825) corresponding to the folded E-shaped resonator are designed. Based on the equivalent circuit model of the single bandnotched UWB antenna, the T-shaped stub is equivalent to two shunt- Figure 4 . Geometry of the proposed dual band-notched UWB antenna. connected series LC resonance circuits. The notched frequency can be calculated as follow:
where ε eff is the effective dielectric constant and c the speed of light. According to (2) and (3), the distance of two notched bands can be adjusted by the parameter L t as shown in Fig. 5 .
Triple Band-notched UWB Antenna
Besides the lower and upper WLAN bands, X-band communication satellites system band (7.9-8.395 GHz) also operates within the UWB band. In order to reduce the potential electromagnetic interference effects, a tri-band notched design is obtained. In the same way as the single and dual band-notched UWB antenna, adding two Tshaped stubs at the middle of a folded E-shaped resonator and Tshaped resonator as shown in Fig. 6 , a tri-band notched antenna is achieved. The X-band is corresponding to the folded E-shaped resonator. The lower and upper of WLANs are corresponding to the T-shaped resonator and the newly added T-shaped stubs, respectively. The newly added T-shaped stubs are λ g /4 type stepped impedance resonators. The resonant frequency can be adjusted by changing length and impedance ratio of these T-shaped stubs. As the coupling strength between the stubs is weak, the second and third notched bands can be tuned independently as shown in Fig. 7 , which makes the design more flexible. The measured and simulated VSWR values and maximum realized gain versus frequency for the dual band-notched UWB antenna with this composite resonator are compared in Fig. 8 and Fig. 9 . The results are in good agreement. The measured dual band-notched frequencies cover 5.10-5.44 GHz and 5.72-5.92 GHz. As shown in Fig. 9 , the antenna gain significantly decreases over these dual bandnotched frequency sets.
Results of Triple Band-notched UWB Antenna
The simulated and measured VSWR results can be observed in Fig. 10 with the parameter values shown in Fig. 6 . The measured three notched-bands cover 5.08-5.45 GHz, 5.62-5.93 GHz, and 7.81- 8.73 GHz. Fig. 11 shows that the radiation patterns of the proposed triple band-notched UWB antenna at 4.5 GHz, 7 GHz, and 9 GHz. It can be seen that the antenna gain significantly decreases at these three band-notched frequencies in Fig. 12 .
CONCLUSION
In this paper, a new resonator for a dual band-notched UWB antenna (5.10-5.44 GHz and 5.72-5.92 GHz) is designed. Furthermore, adding two T-shaped stubs, tri-band notched (5.08-5.45 GHz, 5.62-5.93 GHz and 7.81-8.73 GHz) UWB antenna is achieved. The second and third rejected bands can be independently adjusted. The dual and triple band-notched UWB antennas are fabricated and measured. Good agreement is observed between the measured and simulated results. Hence, it is a new way for multi-notched band with one resonator for UWB system. The proposed antennas are expected to be good candidates in UWB systems.
